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Abstract 

 

The elastic modulus of polymeric membranes based on PVOH + H3PO2 + TiO2 was studied as a function of relative 

humidity (%RH) and the volumetric fraction of water. Tensile stress-strain tests (nominal stress) were performed to 

determine Young's modulus, yield strength, break stress, and strain stress at a constant speed of 10 mm/min. The 

membrane’s acid concentration was kept constant at the molar concentration of high proton conduction P/OH = 0.3, 

and they were separated into two test groups, 5 wt. %TiO2 fillers, and without TiO2. For relative humidity between 8 

and 94% RH, the membranes with TiO2 show an improvement in the elastic modulus concerning those without TiO2 

doping, but they have no significant difference at 100% RH, under a confidence level of 95%. In general, the data 

analysis indicates that the mechanical properties and the electrical properties of the membranes previously reported 

are directly related to the absorption of water contained in the hydrophilic groups that expand during swelling. In 

contrast, the hydrophobic solid-like polymer backbone and the TiO2 nanoparticle fillers maintain structural stability. 

 

Keywords: elastic modulus; stress; polymeric composites. 

 

Resumen 

 

Se estudió el módulo de elasticidad de membranas poliméricas a base de PVOH + H3PO2 + TiO2 en función de la 

humedad relativa (%HR) y la fracción volumétrica de agua.  Se realizaron ensayos de tensión-deformación por tracción 

(tensión nominal) para determinar el módulo de Young, límite elástico, tensión de rotura y tensión de deformación a 

una velocidad constante de 10 mm/min. La concentración de ácido de las membranas se mantuvo constante a la 

concentración molar de alta conducción de protones P/OH = 0.3 y se separaron en dos grupos de prueba, con dopado 

del 5 wt. % TiO2 y sin TiO2. Para humedades relativas entre 8 y 94% HR, las membranas con TiO2 muestran una 

mejora en el módulo elástico con respecto a aquellas sin dopado de TiO2, pero no tienen diferencia significativa a 

100% HR, bajo un nivel de confianza del 95%. En general, el análisis de los datos indica que las propiedades 
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mecánicas, así como las propiedades eléctricas de las membranas reportadas previamente, están directamente 

relacionadas con la absorción de agua contenida en los grupos hidrofílicos que se expanden durante el incremento de 

volumen del polímero, mientras que la columna vertebral del polímero hidrofóbico, similar a un sólido, y las 

nanopartículas de TiO2 mantienen la estabilidad estructural. 

 

Palabras clave: módulo elástico; tensión; compuestos poliméricos. 

 

1. Introducción 

 

The polymer electrolyte membrane in a fuel cell 

(PEMFC) is responsible for proton conduction from the 

anode to the cathode while acting as an electron’s 

insulator and as a gas barrier to avoid the mixture of 

oxygen with hydrogen [1]. Those fuel cells operate in a 

wide range of temperatures and humidity [2]; during 

normal operation, due to the entrance of gases, the 

membrane environmental conditions constantly change 

in a humidity cycle [3]. The membrane undergoes 

expansion and contractions as a function of temperature 

and humidity [1], which is one of the main consequences 

of the damage and eventual malfunction of the fuel cell 

[3]. 

 

The water content in the membrane is an essential factor 

in increasing ion conductivity [4], [5], [6]. However, 

excess water absorption usually results in a higher degree 

of membrane swelling, which leads to a decrease in 

mechanical properties [4], [5], [7]. 

 

PVOH has proven to be an excellent low-cost polymer 

for developing proton exchange membranes [8], [9], [10], 

[11], [12], [13], [14].  The observation of high-proton 

conductivity in acid-doped PVOH membranes has 

opened up the possibility of using these polymers in 

solid-state ionic devices. Furthermore, doping with salts, 

acids, or inert micro or nanoparticles (TiO2, Al2O3, ZrO2, 

SiO2) have shown changes in their electrical, thermal, 

and mechanical properties [8], [9], [10], [11], [12], [13], 

[14], [15], [16], [17], [18], [19], [20], [21], [22], [23]. In 

this work, we studied water concentration and the 

nanoparticles fillers’ effect, on the mechanical properties 

in the PVOH + H3PO2 + TiO2 system, by performing 

tensile stress-strain tests in all the concentration ranges 

mentioned above. 

  

2. Experimental 

 

2.1. Preparation of membrane samples 

 

Hydrolyzed (98%−99%) poly (vinyl alcohol) (Aldrich-

363154), with molecular weight between 85000-146000; 

hypophosphorous acid (H3PO2), 50% concentration in 

aqueous solution (CAS 6883-21-5) (Carlos Erba); and 

titanium oxide nanopowder (Aldrich-634662), were 

used. 

Constant polymer amounts were mixed with deionized 

water using a magnetic stirrer at 120 °C for 2 hours until 

the mixture became homogeneous and all polymer grains 

dissolved. Then, maintaining the mixture under agitation, 

constant amounts of acid were added to the solution, 

according to the molar ratio P/OH = 0.3. After additional 

two hours under agitation, the mixture, now at room 

temperature, was poured into glass vessels under a dry 

atmosphere for several days to obtain membranes. The 

resulting membranes were uniform, smooth, thin 

(thickness between 90 and 300 µm), and semi-

transparent to visible light. 

 

The second group of membranes with 5 wt. % of TiO2 

was prepared similarly to that described above. However, 

the appropriate weight ratio of TiO2 nanoparticles was 

added to the P/OH = 0.3 solutions, which was stirred 

continuously until the mixture became homogeneous 

viscous. 

 

2.2. Experimental apparatus 

 

The stress-strain test was performed using a modified 

device, based on a Com Ten Universal Test stand, 

controlled by a computer using a LabView® platform. 

The program generates a stress-strain graphic from the 

force-displacement data recorded during the tensile 

testing using the nominal dimensions (thickness, width, 

and grip separation) and the strain rate. The test 

conditions were made under the ASTM- D882 norm. 

 

To calculate the equivalent dry weight of the membrane, 

thermogravimetric analysis (TGA) was performed using 

a TA Instruments 2050 TGA microbalance controlled by 

a computer. 

 

2.3. Testing procedures 

 

The membranes were cut into rectangular films of 10.0 

mm in width and 50.0 mm in length. Tensile stress-strain 

of the membranes with the concentration prepared was 

measured as a function of relative humidity and water 

content. The tensile test was conducted at room 

temperature (T = 27°C) with a constant strain rate of           

10 mm/min and a 30 mm grip separation.  
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Three membranes for each group were tested (with and 

without nanoparticles) at 8 pre-equilibrated humidity 

conditions. To vary those parameters, membranes were 

conditioned over saturated salt solutions, acid and water 

contained in tight- sealed flasks: H2SO4 (5% RH), CaCl2 

(30% RH), ambient conditions (57% RH), CaCl2 + H2O 

(66% RH), NaCl (72% RH), (NH4)2SO4 (77% RH), 

K2SO4 (94% RH) and H2O (100% RH). The relative 

humidity in every environmental chamber was measured 

using an Omega-60 sensor.  

 

After 2 weeks, one membrane was selected randomly, 

removed from the controlled humidity, and tested under 

ambient conditions of (27−30 °C and 57−61% RH). 

Testing was completed in ~3 min, membranes were 

weighed before and after the test, and its mean value was 

taken as the hydrated weight. For each membrane, the 

thickness and width were measured with a micrometer 

and a caliper, respectively, at three locations along the 

sample before testing, and the averages of these three 

measurements were used as the nominal dimensions of 

the sample. 

 

The equivalent dry weight of each membrane was 

calculated using thermogravimetric analysis (TGA). A 

sample from each group (with and without nanoparticles) 

was initially heated from room temperature to 115 °C to 

remove the superficial water, and then it was heated from 

95 °C to 260 °C, at a rate of 10 °C/min, using dry nitrogen 

as a purge gas. The weight percentage was determined 

when the sample was dry. This value was used to 

calculate the equivalent dry weight of each membrane as 

a percentage of its weight at ambient conditions. 

 

3. Results and discussion 

 

3.1. Stress-strain response at different humidity 

 

Figure 1 shows the typical viscoelastic stress-strain 

results for membranes at 8 different atmospheres 

prepared without TiO2 nanoparticles and with a 

concentration of 5% TiO2 nanoparticles. Two linear 

regions are observed; the first zone corresponds to elastic 

deformation, and the second zone is associated with  

elastoplastic deformation. The membranes did not 

present a failure during the testing. As humidity 

increases, the tensile strength decreases and affects 

mechanical stability. 

 

The elastic modulus results are plotted as a function of 

humidity in Figure 2. 

 

An analysis of variance was done to determine if the 

influence of humidity was significant between the two 

groups of membranes. A two factors model was used; the 

first factor is the atmosphere, which has 8 levels 

representing each relative humidity controlled in the 

experiment, and the second level is the use of 

nanoparticles with two levels, with 5% TiO2 and without 

them. Consequently, the following expression is 

proposed for the data analysis of the elastic modulus: 

 

𝑦𝑖𝑗𝑘 = 𝜇𝑖 + 𝜏𝑗 + 𝛽𝑘 + (𝜏𝑗𝛽𝑘) + 𝜀𝑖𝑗𝑘 (1) 

 

where 𝑦𝑖𝑗𝑘 is the measured value, 𝜇𝑖 is the overall effect 

associated with the mean value of all the results, 𝜏𝑗, and 

𝛽𝑘 represents the effects of the atmosphere and the use of 

nanoparticles, respectively, (𝜏𝑗𝛽𝑘) is the effect of the 

interaction atmosphere-nanoparticles, and 𝜀𝑖𝑗𝑘 is the 

effect of the uncontrolled variables. 

 

 

 
Figure 1. Stress-strain curves for the P/OH = 0.3 

molar ratio membranes without and with dispersing 

5% TiO2 nanoparticles at 27 °C as a function of 

relative humidity. 
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Figure 2. Elastic modulus of the P/OH = 0.3 molar 

ratio membranes with and without dispersing 5% 

TiO2 nanoparticles, at 27 °C, as a function of relative 

humidity. 

 

An analysis of variance was done to determine if the 

influence of humidity was significant between the two 

groups of membranes. A two factors model was used; the 

first factor is the atmosphere, which has 8 levels 

representing each relative humidity controlled in the 

experiment, and the second level is the use of 

nanoparticles with two levels, with 5% TiO2 and without 

them. Consequently, the following expression is 

proposed for the data analysis of the elastic modulus: 

 

𝑦𝑖𝑗𝑘 = 𝜇𝑖 + 𝜏𝑗 + 𝛽𝑘 + (𝜏𝑗𝛽𝑘) + 𝜀𝑖𝑗𝑘 (1) 

 

where 𝑦𝑖𝑗𝑘 is the measured value, 𝜇𝑖 is the overall effect 

associated with the mean value of all the results, 𝜏𝑗, and 

𝛽𝑘 represents the effects of the atmosphere and the use of 

nanoparticles, respectively, (𝜏𝑗𝛽𝑘) is the effect of the 

interaction atmosphere-nanoparticles, and 𝜀𝑖𝑗𝑘 is the 

effect of the uncontrolled variables. 

 

Using the elastic modulus as our measured value, the 

assumption of normality did not meet under a confidence 

level of 95%.; therefore, it was necessary to do a 

transformation of variance, resulting in the logarithm 

function, log (𝑦𝑖𝑗𝑘), being the most appropriate one. 

 

The result of the variance analysis was that the 

fundamental factors and their interaction among them 

have a significant effect on the result (i.e., p ≤ 0.001). For 

that reason, Tukey’s significant test was done to 

determine if there was a significant difference between 

the mean values for each factor level. 

 

The results of Tukey’s analysis for the atmospheres show 

a significant difference between the results of log (𝑦𝑖𝑗𝑘), 

for RH < 94%. For atmospheres with relative humidity 

between 94 and 100% RH (K2SO4 and H2O, respectively) 

the value of p is superior to 0.05. It means that under a 

confidence level of 95%, there was no significant 

difference between the values of log (elastic modulus). 

 

An additional Tukey’s analysis was done to check the 

influence of using nanoparticles in log (elastic modulus), 

leading to the conclusion that a 5% TiO2 concentration 

has a relevant effect. Moreover, performing a variance 

analysis in which each atmosphere was considered 

separately such that it resulted in a one-factor model (that 

of the nanoparticles) for log (elastic modulus), the value 

of p was bigger than 0.05 at the water atmosphere 

(~100% RH). It is then confirmed that with membranes 

with nanoparticles in a concentration of 5% TiO2 under 

an atmosphere with RH > 94%, there is no significant 

difference in the log value (elastic modulus). 

 

3.2. Thermal characterization: TGA results 

 

Samples’ weight loss as a function of temperature after 

being thermally pretreated as described above is depicted 

in Figure 3. The thin line corresponds to the derivative of 

the weight loss. It can be seen that, even though the 

polymer degradation peak for both samples appears at 

approximately the same temperature (at about 225 °C), 

the sample without nanoparticles has a higher rate of 

weight loss. Based on Figure 3, the dry membrane weight 

without nanoparticles is about 77.5%, while that of the 

membranes with 5% TiO2 is about 84% of their initial 

weights at room temperature. 

 

 
Figure 3. TGA curves for the studied concentration as 

a function of temperature. 
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A second TGA curve was done to find if the membranes 

with 5% TiO2 can retain water for a more extended time 

under an isotherm at 30 °C. In Figure 4, we can observe 

that both curves level off at about the same time 

(approximately 60 min), but the sample with titanium 

oxide nanoparticles can retain water better than the 

sample without nanoparticles. The initial rapid weight 

loss is attributed to surface water evaporation under a dry 

nitrogen atmosphere. 

 

The TGA results then show the positive effect of 

nanoparticle addition to the studied membranes on their 

water uptake capacity. 

 

 
Figure 4. TGA curves for the studied concentrations 

as function of time. 

 

3.3. Water volume fraction at different humidity 

 

The water volume fraction was calculated using the 

expression 
 

𝜙𝑤 =
∆V𝑤

Vtotal
=

∆V𝑤

V𝑝 + ∆Vw + VH3PO2
+ V𝑇𝑖𝑂2

= [1

+
(𝑊H3PO2

𝜌H3PO2
⁄ ) + (𝑊𝑝 𝜌𝑝⁄ ) + (𝑊𝑇𝑖𝑂2

𝜌𝑇𝑖𝑂2
⁄ )

((𝑊𝑝
𝑠𝑤𝑜𝑙𝑙𝑒𝑛 − 𝑊𝑝

𝑑𝑟𝑦) 𝜌𝑤⁄ )
]

−1

 

(2) 

 

where (𝑊𝑝
𝑠𝑤𝑜𝑙𝑙𝑒𝑛 − 𝑊𝑝

𝑑𝑟𝑦) is the mass gained by the 

membrane concerning that of the dry state due to the 

water uptake at each controlled atmosphere; 𝑊H3PO2
, 𝑊𝑝 

and 𝑊𝑇𝑖𝑂2
 are the mass fraction of hypophosphorous 

acid, dry polymer and titanium oxide in the membrane, 

respectively, and 𝜌H3PO2
, 𝜌𝑝, 𝜌𝑇𝑖𝑂2

 and 𝜌𝑤 are the 

corresponding mass density. 

 

The water volume fraction of the membranes as a 

function of humidity is depicted in Figure 5. 
 

An analysis of variance was done to determine if the 

influence of humidity was significant between the two 

groups of membranes concerning the water volume 

fraction. The factors and their interaction significantly 

affect the result (p ≤ 0.001). A two factors model was 

then used in Eq. (1). In this case, the water volume 

fraction, as the measured value, meets the normality 

assumption under a confidence level of 95%. 

 

 
Figure 5. Water volume fraction for the studied 

concentration as a function of relative humidity. 

 

Tukey’s significant test was also done to analyze the 

various factors that affect the water volume fraction as a 

function of the relative humidity of the surrounding 

atmosphere.  The results of Tukey’s analysis for the 

significant difference in the water volume fraction due to 

each atmosphere that is for NaCl (72% RH), (NH4)2SO4 

(77% RH), K2SO4 (94% RH), and H2O (100% RH), 

have a p-value bigger than 0.05, so for this atmosphere, 

the corresponding water volume fraction for each pair is 

not significantly different using a confidence level of 

95%. 

 

On the other hand, the result of Tukey’s analysis for the 

influence of using nanoparticles on the water volume 

fraction shows that a 5% TiO2 concentration has a 

relevant effect on the value of log(elastic modulus). A 

variance analysis was also done on each atmosphere 

using a factor model, where the factor was the use of 

nanoparticles. The value of p was higher than 0.05 at the 

H2SO4 (5% RH), K2SO4 (94% RH), and H2O             

(100% RH) atmospheres. The mass gained by the 

membranes at those atmospheres is approximately the 

same for the membranes with and without nanoparticles. 

However, when the relative humidity is near room 
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conditions, the weight change is clearly distinguished 

between the membranes with and without nanoparticles. 
 

Figure 5 shows the calculated water volume fraction, 𝜙𝑤, 

as a function of the relative humidity, RH (%), we can 

observe that the two curves intersect at a relative 

humidity between 94 and 100%. In the variance 

analysis of the log (elastic modulus) using a two factors 

model, it was found that at these two atmospheres, the 

log elastic modulus does not change significantly; 

however, there is a water volume fraction change; 

therefore, it can be inferred that the weight change is due 

to free water. 

 

3.4. Elastic Modulus as a function of water volume 

fraction 

 

Figure 6 shows the elastic modulus as a function of the 

polymer volume fraction. The polymer volume fraction 

is the complement of the water volume fraction              

(𝜙𝑝 = 1 − 𝜙𝑤). It is observed that even when the two 

groups of membranes were in the same atmospheres, the 

tendency of their elastic modulus is different, as was 

inferred from the variance analysis, where the interaction 

atmosphere-nanoparticles presented significant 

differences.  

 

A power-law relationship given by Equation (3) 

describes well the experimental results as the fitting 

curves shown in Figure 6, 
 

𝐸𝐸 = 𝐴 + 𝐵𝜙𝑝
𝛼

 (3) 
 

The fitting parameters to Equation (3) are listed in Table 

1. EE
dry is the elastic modulus of the dry membrane 

at  𝜙𝑝 = 1. 

 

4. Conclusions 

 

Tensile stress-strain properties of the P/OH = 0.3 molar 

ratio membranes with and without dispersing 5% TiO2 

nanoparticles have been measured at 27°C and 0−100% 

relative humidity. In general, the elastic modulus of the 

membranes with the concentration prepared decreases 

with increasing the surrounding atmosphere's relative 

humidity. 

According to the statistical variance analysis of the 

experimental data, at the highest humidity atmospheres 

( 94% RH), the elastic modulus does not have 

significant changes. Since there are changes in the water 

volume fraction, and this calculation is based on the 

weight change of the membrane, the result suggests that 

these changes are due to free water. 

 

The TGA curves show evidence that membranes with 

nanoparticles in a concentration of 5% TiO2 retain water 

for a longer time compared to those without 

nanoparticles. On the other hand, the results of the 

uniaxial tensile test at room temperature indicate that at 

atmospheres between 8 and 94% RH, nanoparticles 

reinforce the membranes leading to the higher elastic 

modulus. These values are pretty separated between the 

two groups of membranes under atmospheres at low 

humidity; however, in atmospheres at high humidities, 

elastic modulus values for membranes with 5% TiO2 are 

closer to those values in membranes without 

nanoparticles. 

 

 
 

Figure 6. The elastic modulus for the studied 

concentration as a function of the polymer volume 

fraction. Solid lines are the fittings curves to Eq. (3). 

 

 

 

Table 1. Fitting parameters to Equation (3) for the elastic modulus data as a function of the polymer volume 

fraction 

 

Curve 𝑨 [𝑴𝒑𝒂] 𝑩 [𝑴𝒑𝒂] 𝜶 𝑬𝑬
𝒅𝒓𝒚 [𝑴𝒑𝒂] 𝑹𝟐  

0% TiO2 3,92 ± 1,08 111,49 ± 5,73 5,03 ±  0,31 115,41 ±  5,73 99,22 % 

5% TiO2 8,69 ± 0,94 150,41 ± 18,21 6,52 ±  0,55 159,10 ± 18,21 98,01 % 
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Comparing the mechanical properties with the previous 

results on the proton transport in the membranes with the 

concentration prepared as a function of the surrounding 

atmosphere, relative humidity RH(%), it is inferred that 

both their electrical and mechanical properties are 

directly linked to their water uptake contained in the 

hydrophilic clusters that expand during swelling, 

whereas the hydrophobic solid-like polymer backbone 

and the inert nanoparticle fillers maintain the structural 

stability. 
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